We have cloned a DNA complementary to the messenger RNA encodina the precursor of ornithine transcarbamylase from rat liver. This complementary DNA contains the entire protein coding region of 1062 nucleotides and 86 nucleotides of 5'-and 298 nucleotides of 3'-untranslated sequences. The predicted amino acid sequence has been confirmed by extensive protein sequence data. The mature rat enzyme contains the same number of amino acid residues (322) as the human enzyme and their amino acid sequences are 93% homologous.
INTRODUCTION
Ornithine transcarbamylase (OTCase) is a mitochondrial matrix enzyme composed of three identical subunits. The OTCase subunit is encoded on the X chromosome (1) and translated on cytoplasmic polysomes (2,3) as a precursor containing an amino-terminal amino acid extension (leader sequence) (4) . The precursor is transported across both mitochondrial membranes to the matrix space, cleaved to the mature-sized subunit by a matrix protease (5) and assembled into OTCase trimers (6) . Using an mRNA highly enriched for the OTC message (7, 8) , we initially obtained a cDNA clone encoding the carboxyterminal portion of OTCase (9) . This cDNA clone was used to screen a human liver cDNA library, from which a nearly full-length cDNA encoding human OTCase was isolated (10) . The human cDNA insert, in turn, was used to screen a rat liver cDNA library from which a cDNA encoding the entire rat OTC precursor was obtained. In this communication, we wish to report the nucleotide and amino acid sequences of the rat OTCase precursor, and to compare the mitochondrial leader sequences of the same protein from two mamnalian species. Furthermore, complete conservation of two catalytic sites of the enzyme between E.coli and the mammals is reported.
MATERIALS AND METHODS
Preparation of rat liver cDNA library.
Total RNA was prepared as described by Chirgwin (11) . Pclyadenylated RNA was isolated by oligo(dT) cellulose chromatography according to the supplier's instructions (type 2, Collaborative Research). cDNA cloning was carried out according to the following protocol, modified from Land et al. (12) . Briefly, cDNA was synthesized from 15 pg of rat liver mRNA in a final volume of 150 pl of reaction mixture consisting of: 50 mM Tris-HCl, pH 8.3, 75 mM KCl, 10 mM magnesium acetate, 4 mM DTT, 0.5 mM dATP, 0.5 M dGTP, 0.5 mM dTTP, 0.5 mM ro-32PldCTP (500 cpm/pmol), 40 ig/ml actinomycin D, 25 pg/ml oligo(dT)1218, 500 U/ml RNasin (Promega Biotec), 0.15 mg/ml BSA, and 120 units of reverse transcriptase (Life Sciences, Inc.). After 1 h of incubation at 440C, another 60 units of RNasin and 48 units of reverse transcriptase were added, and the mixture was incubated for an additional hour. The reaction was terminated by addition of EDTA and NaCl to 25 mM and 100 mM, respectively, and the nucleic acids were separated from the reaction mixture on a 10 ml column of Sephadex G-150 equilibrated in 20 mM ammonium bicarbonate. The cDNA yield from mRNA was about 60%. The fractions containing the cDNA-mRNA hybrid were lyophilized and about 20 dC residues were added to the cDNA by incubating it at 150C for 15 min in a 0.6 ml reaction containing 5 pM [3H]dCTP (6,500 cpm/pmol), 0.2 mM DTT, 1 mg/ml BSA, 140 mM potassium cacodylate -30 mM Tris-HCl, pH 7.2, 1 mM cobalt acetate, and 240 units of terminal transferase (Boehringer-Mannheim). The reaction was adjusted to 0.3 M IlaOH and incubated overnight at room temperature to hydrolyze the mRNA. The tailed cDNA was desalted by passing the reaction mixture through a 1 ml spun column of Bio-gel P-10. The tailed molecules were selected on a 0.5 ml column of oligo(dG)cellulose (Collaborative Research) and ethanol precipitated. Second strand synthesis was performed according to Land, et al. (12) . Double stranded molecules were separated on a linear sucrose density gradient (5-20% w/w) in 0.2 M NaCl, 10 mM Tris-HCl, pH 7.4, 1 mM EDTA. Centrifugation was for 16 h at 20%C in a Beckman SW41 rotor at 36,000 rpm. Fractions containing molecules longer than 1,100 bp were pooled and ethanol precipitated. Approximately 20 dC residues were added to the double stranded DNAs as described above and annealed with Pst I cut, (dG) tailed pBR322 (Bethesda Research Laboratories) at a 1:10 ratio (w/w) and at a final DNA concentration of 0.5 pg/ml (13) . E.coli of strain DH1 were transformed as described by Hanahan (14) . 90% of the tetracyclineresistant colonies contained cDNA inserts.
Additional methods
Published methods were used for the small-scale isolation of plasmid DNA from transformed E.coli cells (15) , as well as for large scale plasmid DNA preparatioris on cesium chloride gradients (16) . E.coli colonies containing chloramphenicol-amplified plasmids were screened (17) using a nick-translated nearly full length human OTCase cDNA probe (10) . cDNA inserts from candidate clones were screened by Southern blot hybridization (18) . Northern bl ot analysis was performed according to Thomas (19) except that 3 M NaCl, 0.3 M sodium citrate, pH 7, was used during transfer to nitrocellulose. 14 S rat liver mRNA and immunoselected rat liver OTCase mRNA were prepared as described (7, 8) . DNA was sequenced according to Maxam and Gilbert (20) . The methods used to obtain amino acid composition and sequence data from tryptic peptides derived from homogenous rat liver OTCase were previously described (9, 10) .
RESULTS AND DISCUSSION Nucleotide sequence of cloned cDNA to OTCase mRNA Screening of 7,500 rat cDNA clones yielded four independent OTCase clones with cDNA inserts in the range of 400-1,500 nucleotides, the longest of which (1446 bp insert) was designated pRO21. A limited restriction map of the insert and a diagram of the strategy taken in DNA sequencing are shown in Fig.  1 . Fig. 2 shows the nucleotide sequence of the pRO21 insert, which corre- (10) are shown on the bottom of each line. The serine residue found at the NH2 terminus of the mature rat OTCase subunit, and its first corresponding nucleotide base (adenine) were denoted +1, all amino acid residues of the leader peptide and nucleotide sequences encoding the leader and the 5' untranslated region (182 bp) are denoted by the (-) sign. The DNA sequence of pRO21 did not contain the poly(A) tail but other plasmids did (9) as indicated by the sequence enclosed in brackets. Several gaps, depicted by dashes, were introduced in the untranslated 5' and 3' regions to maximize the homology between the rat and human sequences.
sponds to the entire coding region of OTCase mRNA and adjacent portions of its untranslated sequences. The pR021 clone did not contain the poly(A) tail but other previously sequenced rat OTC cDNA inserts did (9) , as shown in the sequence enclosed in brackets. Northern blot analysis of total liver mRNA and of mRNAs enriched for OTCase mRNA yielded an estimated length for OTCase mRNA of 1650 + 50 nucleotides (Fig. 3) . The sequence shown in Fig. 2 (23) and f3-globin (24) .
Analysis of sequences encoding the leader gives a different conclusion, however. Silent sites diverge between-the rat and human by 32%, very similar to the mature protein coding sequences. In contrast, the replacement sites in the leaders diverge by 15%, considerably greater than the divergence in the mature sequences. This implies that the evolutionary constraints to maintain the leader peptide's primary amino acid sequence are much less than those acting on the mature OTCase. This divergence is similar in magnitude to that observed for both the signal sequence and C peptide of insulin between a number of mammals, including rat and human (23) .
The untranslated regions of the rat and human cDNA clones are fairly homologous. The 5' untranslated region of the rat is co-linear with that of the human if two single nucleotide deletions or insertions are introduced (Fig. 2) . Overall, the 5' untranslated sequences are 69% homologous, excluding these gaps, consistent with the mean homology of 75.0 + 6.5% observed among mammalian species as calculated by Miyata et al. (25) . The 3' untranslated region contains several regions of very good homology and regions with no obvious homology. Homologous regions were aligned and gaps introduced to maximize the apparent homology. Overall, the 3' untranslated regions are 77% homologous excluding gaps, and 69% homologous if gaps are designated as mismatches. These are again within the range of values seen among other mammalian genes (25) . Primary amino acid sequence of OTCase Fig. 2 shows the amino acid sequence of the entire cytoplasmic precursor of the mitochondrial OTCase. The sequence of the rat protein is shown and only amino acids that are different in the human polypeptide are indicated. The amino acid sequence predicted from the cDNA sequence is supported by extensive protein sequence data. Thus, 41% of the sequence has been confirmed by amino acid sequences of tryptic peptides derived from homogenous mature rat OTCase (residues 1-56, 63-97, 190-206 , and 275-299). In addition, 35% of the sequence has been confirmed by precisely matching the amino acid compositions of additional tryptic peptides (residues 110-178, 224-243, and 300-322) to ones predicted bv DNA sequencing.
The homology between the amino acid sequences of mature rat and human
OTCases is 93% (24 differences in 322 amino acids). It is apparent from the comparison of the two sequences in Fig. 2 
Conservation of catalytically important residues
The decapeptide comprisina residues 53-62 (Fig. 4) represents a highly conserved region of the enzyme. Nine out of these ten residues can be found in both E.coli K-12 OTCases encoded by the arg I and arg F genes. In particular, the sequence ser-thr-arg-thr-arg centered around residue 60 in both the rat and the human OTCase possesses complete homology with OTCases but also (28) , and the human OTCase (10).
with aspartate transcarbamylase from E.coli (26) (27) (28) . A similar consensus sequence X-ser-X-arg_X has been shown to be the phosphate binding site in a lys number of proteins (29) . Furthermore, it has been shown (30,31) that both human and bovine OTCases are inactivated by butanedione and phenylglyoxal, inhibitors that react with the arginine side chain, and that one arginine residue per subunit is modified in the inactivated enzyme. Carbamyl phosphate prevents both the inactivation and the loss of the arginine. Taken together, these findings support the conclusion that the arginine at residue 60 is the binding site for the phosphoryl group of carbamyl phosphate.
In addition to this conserved region, another fully conserved hexapeptide between the mammalian and E.coli OTCases is found near the carboxy terminus (residues 268-273). It is the phe-leu-his-cys-leu-pro sequence, which contains the only shared cysteine between OTCases from E.coli (28) , Streptococcus faecalis (31), Streptococcus faecium (31), cow (3] ), rat, and human (10) (and presumably also yeast (32) ). Marshall and Cohen (31) mapped the cysteine which reacted selectively with 5,5'-dithiobis(2-nitrobenzoic acid) to 51 residues from the carboxy terminus in bovine enzyme and 66 residues from the carboxy terminus in OTCase from Streptococcus faecalis. Both enzymes modified with this bulky group were inactive while the enzymes modified with the small cyano group were active but had a greatly increased Km for ornithine. Similarly, modification of a unique cysteine in yeast OTCase (32) with p-chloromercuribenzoate or N-ethylmaleimide leads to complete loss of enzyme activity. The conservation of the cysteine hexapeptide among E.coli and mammalian OTCases and the fact that the cysteine residue in rat OTCase (52 residues from the COOH end) is unique support the conclusion of Marshall and Cohen (31) that this cysteine is either a part of the binding site for ornithine or, at least, is located close to it. Other regions of the mammalian OTCases contain amino acid sequences that can be found in the E.coli OTCases, the most extensive of which is a completely conserved hexapeptide comprising residues 94-99 (Fig.   4 ). How they relate to structure and function remains to be determined.
Comparison of the two leader sequences
The leader peptide is devoid of acidic residues and is, therefore, positively charged similar to other mitochondrial leaders (10) . The spacing of the four arginine residues is conserved between the rat and the human; however, the rat leader sequence is even more basic than the human one due to the presence of three additional lysines. The two OTCase leader sequences show significantly less homology than do sequences of the mature portion of rat and human OTCases. There are 10 differences in the 32 residues of the leader (69% homology) and another two differences in the adjacent first two residues of the mature subunits in contrast to 24 differences in 322 residues of the mature subunit (93% homology). Because of the differences in amino acid residues around the NH2 terminus of the mature sequences, the cleavage site for the matrix protease is changed from pro-leu-gln + asn-lys-val for the human to pro-val-gln + ser-gln-val for the rat. Because both precursors are imported and correctly cleaved in vitro by intact rat liver mitochondria, it is apparent that the mitochondrial matrix protease is recognizing more than a stretch of primary amino acid sequence adjacent to the cleavage site.
